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Twist1 has been demonstrated to play critical roles in the early development of neural crest and
mesodermally derived tissues including the limb. Twist2 has been less well characterised but its
relatively late onset of expression suggests speciﬁc roles in the development of a number of organs.
Expression of Twist2 within the developing limbs begins after formation of the limb bud and persists
within the peripheral mesenchyme until digital rays condense. We have used RCAS-mediated
overexpression in chick to investigate the function of Twist2 in limb development. Viral misexpression
following injection into the lateral plate mesoderm results in a spectrum of hypoplastic limb
phenotypes. These include generalized shortening of the entire limb, fusion of the autopod skeletal
elements, loss of individual digits or distal truncation resulting in complete loss of the autopod. These
phenotypes appear to result from a premature termination of limb outgrowth and manifest as defective
growth in both the proximal–distal and anterior–posterior axes. In situ hybridisation analysis
demonstrates that many components of the Shh/Grem1/Fgf regulatory loop that controls early limb
growth and patterning are downregulated by Twist2 overexpression. Grem1 has a complementary
expression pattern to Twist2 within the limb primordia and co-expression of both Grem1 and Twist2
results in a rescue of the Twist2 overexpression phenotype. We demonstrate that Twist proteins directly
repress Grem1 expression via a regulatory element downstream of the open reading frame. These data
indicate that Twist2 regulates early limb morphogenesis through a role in terminating the Shh/Grem1/Fgf
autoregulatory loop.
& 2012 Elsevier Inc. All rights reserved.Introduction
Twist1 and 2 are basic helix–loop–helix domain transcription
factors that share extensive homology, exhibiting almost com-
plete identity throughout the bHLH domain and extensive
sequence conservation throughout ﬂanking N- and C-terminal
domains. Twist1 has been demonstrated to play fundamental
roles in mesoderm determination and myogenesis in ﬂies
(Baylies and Bate, 1996) and development of neural crest and
mesodermally-derived tissues in mice (Chen and Behringer, 1995;
O’Rourke et al., 2002; Soo et al., 2002). Twist1 null mice die by
E10.5 (Chen and Behringer, 1995). In contrast, mice harbouring a
homozygous Twist2 null allele survive until birth with no gross
abnormalities, but die within the ﬁrst two weeks following birth
with a severe wasting phenotype (Sosic et al., 2003). During limb
development Twist1 and 2 are each expressed in dynamically
changing domains within the limb bud from the time of initiationll rights reserved.
).until digit speciﬁcation and elaboration (Scaal et al., 2001;
Tavares et al., 2001). The expression of the two Twist genes
overlaps substantially, each exhibiting broad expression within
the sub-ectodermal mesenchyme throughout the early limb bud,
although Twist1 appears to be expressed in a broader domain and
at higher levels than Twist2. At later stages Twist2 expression
becomes restricted to the periphery of the autopod and is absent
from the central and proximal domain. Homozygous loss of Twist1
results in failure of limb bud outgrowth while heterozygotes
exhibit preaxial polydactyly (O’Rourke et al., 2002). Twist2 null
mice do not display any limb phenotype (Li et al., 1995).
Development of the vertebrate limb is regulated by a complex
network of signalling interactions that co-ordinates growth and
patterning in all three axes (Benazet et al., 2009; Loomis et al.,
1996; Parr and McMahon, 1995; Riddle et al., 1995; Vogel et al.,
1995; Yang and Niswander, 1995). Limb outgrowth is initiated by
Fgf signals from the ﬂank (Cohn et al., 1995; Ohuchi et al., 1997)
and Shh expression within the ZPA and Fgf4, 8, 9, and 17 in the
AER are initiated soon after induction of the limb bud. Shh and the
AER-Fgfs are initially dependent upon one another for sustained
expression (Laufer et al., 1994; Niswander et al., 1994). Shh is also
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Grem1 which counters the repressive inﬂuence of Bmps on the
expression of AER-Fgfs (Khokha et al., 2003; Michos et al., 2004;
Verheyden and Sun, 2008; Zuniga et al., 1999). Together, these
growth factors establish the core of the growth regulating net-
work that will coordinate early outgrowth and patterning of the
limb. The length of this initial outgrowth period must be tightly
regulated to control overall size of the limb and this is achieved
through the self-terminating nature of the Shh/Gre/Fgf loop.
Grem1 repression of Bmp signalling is required to sustain AER-
Fgf expression (Verheyden and Sun, 2008). However, as Grem1
levels rise, they induce higher Fgf levels until a threshold is
achieved when Fgf signalling becomes repressive for Grem1. In
addition, cells originating in the ZPA are refractory to Grem1
expression once they have expressed Shh, and as the population of
former Shh expressing cells expands they limit Grem1 expression
within the limb bud mesenchyme (Scherz et al., 2004). As Grem1
levels decline, Bmp signals begin to repress AER-Fgf expression
and since Shh expression is dependent on AER-Fgfs, this termi-
nates the loop and brings the initial outgrowth phase to an end.
Premature termination of limb outgrowth can be induced
experimentally by surgical or genetic removal of the AER, either
resulting in the production of distally truncated limbs (Lu et al.,
2008; Summerbell, 1974). Interestingly, the level of truncation is
directly related to the time at which the AER is removed, with
later ablations resulting in progressively more distal truncations.
Importantly, these truncations do not respect boundaries of
individual elements but occur at any point along the proximodis-
tal axis (Summerbell, 1974). This indicates that the AER provides a
continuous growth promoting inﬂuence rather than specifying
individual elements. Since the AER provides the impetus for
proximodistal outgrowth predominantly through production of a
number of Fgf family members (Fgfs 4, 8, 9 and 17), limb bud
outgrowth can be rescued after AER ablation by addition of beads
soaked in a number of Fgfs (Niswander et al., 1993). However,
targeted deletion of each of these Fgfs has demonstrated that Fgf8
alone is absolutely required for normal outgrowth, although
recent data indicates that AER-Fgfs have important roles in limb
patterning as well as outgrowth (Mariani et al., 2008).
We have sought to determine the role of Twist2 (formerly
Dermo1) in patterning and growth of the limb using RCAS-
mediated gene delivery in a chick model. Twist2 overexpression
in the limb bud produces mild to severe distal truncation of the
limbs and syndactyly. Limb dysmorphology is preceded by a loss
of Fgf8 from the AER and a repression of Grem1 in the mesench-
yme suggesting a premature termination of the Shh/Grem1/Fgf
loop. Co-expression of Twist2 and Grem1 rescues the phenotype
suggesting that Grem1 may be a negative transcriptional target of
Twist2. We demonstrate an interaction of Twist proteins with a
putative repressive element located distally to the Grem1 gene
suggesting a direct role for Twist2 in regulating Grem1 expression.
These data demonstrate a previously unknown role for Twist2 in
regulating limb outgrowth and have signiﬁcant implications for
our understanding of human limb anomalies such as brachydac-
tyly involving apparently similar distal truncations.Methods
Virus construction and infection
The open reading frame of chicken Twist2 was ampliﬁed by
RT-PCR using primers (forward) ACATCGATGCCGACCACCATGGAA-
GAAAGCTCCAGTTCTC and (reverse) ACATCGATTCTAGTGTGAGGCC-
GACATGG, cloned into pCRII (Invitrogen) and sequenced. The
resulting cDNA was then cloned into the ClaI site of RCASBP(A) andvirus prepared as described previously (Gordon et al., 2009). Virus
was injected into the right hand side lateral plate mesoderm
at HH10-12. Rescue experiments were performed using
RCASBP(A) Grem1. The Twist2 and Grem1 viruses were mixed
together in equal proportions and the mixture injected into the
lateral plate mesoderm.
In situ hybridisation
In situ hybridisation was performed as reported (Fowles et al.,
2003). We thank Paul Brickell for the Fgf8, Shh and Ptch probes,
Juan Hurle for the Grem1 probe, Margaret Buckingham for the
Msx1 probe, Anthony Graham for the Msx2 probe and Pip Francis-
West for the Bmp4 probe.
TUNEL staining
Embryos were infected by injection of virus into the right
lateral plate mesoderm at HH10-12 and harvest 2 or 5 day post-
infection. Infected or control (left) limbs were photographed as
wholemounts and then ﬁxed in 4% PFA and cryosectioned at
10 mm before drying on slides overnight. TUNEL was performed
using the Roche ﬂuorescent TUNEL kit as per manufacturer’s
instructions. The right and left limb buds or limbs of three
embryos were analysed at each timepoint.
Real-time PCR analysis
Real-time PCR analysis of Shh expression levels was carried
out on RNA extracted from pooled RCAS, RCAS Twist1 or RCAS
Twist2 limb buds 48 h after infection. PCR was performed using
the Roche UPL system with chick Shh primers catccactgctccgtcaaa
and caggtgcactgtggctga in combination with UPL probe 38.
Expression levels were normalised to chick Hprt using primers
cgccctcgactacaatgaata and caactgtgctttcatgctttg in combination
with UPL probe 38. Relative expression was calculated using the
DDCt method (Pfafﬂ, 2001). All assays were done in triplicate and
repeated three times and statistical signiﬁcance estimated using
the Student’s t-test (two tailed).
ChIP assay
ChIP assays were performed as described (Turner et al., 2006)
on wild-type, uninfected E4.5 chick limbs. Anti-Twist antibodies
were obtained from Santa Cruz (SC-H81) and Abnova
(H00117581-D01P). Both antibodies worked in the ChIP assays.
The ChIP negative control targeted a region on the same chromo-
some as Grem1 but approximately 1 Mb downstream in a region
devoid of coding sequence and not associated with any known
regulatory elements at (galGal4) chr5:28,604,387–28,604,627.
EMSA assay
Bandshift assays were performed according to (Oshima et al.,
2002). Probes were labelled with a32P-CTP using Klenow frag-
ment polymerase (Promega, Alexandria NSW Australia) and
puriﬁed using a Qiagen nucleotide removal kit (Qiagen, Chad-
stone, Vic Australia). Nuclear extracts were prepared according to
(Wadman et al., 1997). Probe sequences were; probe1: agtgcac-
caagtgaaatgcagg, probe2: aatgtaacaactgcacacctgg, probe3:
ccttatgcatctgtgacgtggg. The E-box in each sequence is underlined.
Competitors were identical in sequence but were not radio
labelled. Mutant competitors were; mutant probe 1: agtgcaca-
tagccaaatgca, mutant probe 2: aatgtaaataccccacacct, mutant
probe 3: ccttatgattccctgacgtg.
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Twist1 and -2 overexpression induces defects in limb outgrowth
Overexpression of Twist2 following infection of the lateral
plate mesoderm at HH12 resulted in a range of aberrant out-
growth phenotypes in 36/65 embryos analysed. Defects include
partial or complete loss of digits, gross dysmorphology of the
autopod and complete distal limb truncations (Fig. 1A–D). Twist2
expression achieved using the RCAS Twist2 virus appears to be
modestly elevated compared to endogenous levels in chicken
ﬁbroblasts (Fig. 1E). Overexpression of Twist1 using an identical
approach produces a broadly overlapping range of phenotypes
with those produced by Twist2 overexpression but with a trend
towards more severe phenotypes (Fig. 1F–H). Infected hindlimbs
often exhibited extreme proximodistal truncation resulting in a
residual stump that barely protruded out from the body wall
(Fig. 1F). In addition, Twist1 overexpressing embryos frequently
died within several days of infection making detailed analysis
difﬁcult.Fig. 1. The spectrum of limb dysmorphology observed following Twist2 over-
expression. (A) Uninfected (left) limb showing normal limb morphology. (B)–(D)
Twist2 infected (right) limbs exhibiting (B) loss of individual digits, (C) fusion of
distal elements and (D) loss of complete autopod. (E) Western blot for Twist
protein in control and Twist2 (T2) infected DF1 chicken ﬁbroblasts. (F)–(H) Twist1
infected limbs illustrating (F) extreme truncation of hindlimb, (G) extreme
reduction in limb growth and (H) truncation of autopod. Arrows indicate affected
autopod in each case.Analysis of skeletal preparations from Twist2 overexpressing
embryos revealed a strong trend towards an overall growth
reduction and distal truncations within the autopod (Table 1).
The most common phenotype observed was a shorter right limb
compared to the uninjected left side. The reduction in growth
may or may not be associated with loss of distal elements. When
distal truncations occurred, these tended to be partial loss of the
autopod (Fig. 2a) but occasionally involved truncation around the
level of the zeugopod/autopod junction (Fig. 1d). In either case,
there was a graded loss of growth potential with more distal
elements exhibiting a greater reduction in overall growth than
proximal elements (Fig. 2b). In addition to reduction in growth
along the proximodistal axis, we also observed bending of the
metatarsals that appears to be associated with deranged growth
of the bone collar into a web of bone (Fig. 2c,d). It is not clear if
the formation of the web of bone on the ventral surface of the
metatarsals is secondary to an underlying proximodistal growth
deﬁcit or results from a primary defect in bone collar growth.
Other alterations observed in autopod growth involved altera-
tions in the number of phalanges in some digits and the existence
of ectopic nodules of cartilage and bone (Fig. 2e,f). The change in
phalanx number may reﬂect a change in digit identity or result
from the changed growth parameters under the inﬂuence of
Twist2 overexpression.Twist2 overexpression perturbs the Shh/Grem1/Fgf autoregulatory
loop
The defects in limb outgrowth observed following Twist1 and
-2 overexpression are similar to those seen following ablation of
the AER. Twist1 has been implicated in the induction of epithelial
to mesenchymal transitions in some contexts (Kang and
Massague´, 2004; Lee et al., 2006). It was therefore possible that
viral transduction of the Twist genes was interfering with forma-
tion or maintenance of the AER such that loss of epithelial
integrity could secondarily result in loss of AER structure and
associated defective outgrowth. This prompted us to examine the
expression of Fgf8 as a marker of the AER and to investigate the
state of the apical epithelium. At HH22 (2 day post-infection) Fgf8
expression was already reduced in 3/4 cases (Fig. 3a). To deter-
mine whether sustained Twist2 overexpression would eventually
lead to complete loss of Fgf8 expression in the AER we examined
HH25 embryos (3 day post-infection). At HH25, 7/9 embryos
exhibited a reduction in Fgf8 expression (Fig. 3b) and while no
embryos exhibited a complete loss of Fgf8, 2/7 exhibited severe
reductions (Fig. 3c). E-cadherin staining of histological sections of
embryos previously subjected to wholemount in situ hybridisa-
tion for Fgf8 revealed that at HH22 the limb ectoderm was intact
and the AER exhibited a normal morphology comparable to that
of the uninjected limb (Fig. 3d). At HH25, the limb ectoderm still
exhibited strong junctional staining for E-cadherin but in theTable 1
Summary of limb phenotypes observed following Twist2 overexpression.
Phenotype No affected embryos
(% of affectedn)
Overall short limb, no missing/truncated elements 20 (55)
Distal truncation:
missing digits/phalanges 19 (53)
zeugopod/autopod junction 4 (11)
Soft tissue syndactyly 7 (22)
Dysmorphic autopod (fused metatarsals) 5 (14)
Web of bone (metatarsals) 5 (14)
Ectopic cartilage/bone 3 (8)
n Many affected embryos exhibit more than one phenotype.
Fig. 2. The spectrum of skeletal dysmorphology observed following Twist2 overexpression. (A) Wholemount image of infected limbs demonstrating loss and fusion of
distal elements in both wing and leg (arrowheads) and (B) skeletal preparation of infected hindlimbs shown in (A), relative to uninfected limbs. Note the overall reduction
in limb length and the more severe growth reduction distally. The right limb is infected with Twist2 virus, the left is uninfected. (C) Wholemount image of infected
hindlimb exhibiting malformation of the metatarsals (arrows) and (D) skeleton preparation of the same autopod demonstrating deranged bone growth (arrows). (E) and
(F) Altered digit identity following Twist2 overexpression. (E) Uninfected left limb. The infected (right) hindlimb autopod (F) exhibits a loss of phalanges in digits III (4
phalanges) and IV (5 phalanges) to produce morphologies equivalent to digits II (3 phalanges) and III (4 phalanges), respectively. In addition, the posterior digit of the right
autopod has an ectopic skeletal element consisting of cartilage and bone, near the distal tip (asterisk). Fe, femur; T, tibiotarsus; M, metatarsals.
Fig. 3. Examination of possible mechanisms responsible for limb dysmorphology following Twist2 overexpression. (A) Wholemount in situ hybridisation analysis of Fgf8
expression in the hindlimb at HH22, 48 h after infection. (B,C) Fgf8 expression 72 h after infection. (D)–(F) Sections of wholemount embryos shown in (A)–(C) above
illustrating Fgf8 expression and E-cadherin staining within the AER. Right hand side limbs are Twist2 infected in each case. (G)–(J) Examination of apoptosis levels within
(G) and (I) control and (H) and (J) Twist2 infected hindlimbs 48 h (G) and (H) or 5 days (I) and (J) post-infection. Wholemount images of limbs are on the left in each panel
and TUNEL staining is shown on the right. The arrow in H indicates abnormal distal morphology in the Twist2 infected hindlimb bud. The boxed areas represent the
approximate location of TUNEL stained sections shown on the right of panels I and J. Apoptotic cells can be seen in the interdigital mesenchyme between digits III and IV
(arrowheads) but appear to be less numerous in Twist2 infected limbs.
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structured than the control limb (Fig. 3e). In cases where Fgf8
was dramatically reduced in the AER, junctional E-cadherin in the
limb ectoderm was notably lower than in controls and no distinct
AER structure was observed (Fig. 3f). Thus, loss of Fgf8 expression
precedes any detectable loss of AER integrity suggesting that loss
of AER structure in severe cases is secondary to alterations in
signalling.It is possible that Twist2 overexpression results in elevated cell
death within the developing limb tissues resulting in non-speciﬁc
loss of outgrowth. To determine if elevated cell death is respon-
sible for this phenotype, we performed TUNEL staining on
embryos exhibiting obvious outgrowth defects, at 48 h
(Fig. 3g,h) and 5 days (Fig. 3i,j) post-infection. At 48 h, the infected
limb bud often demonstrated early signs of dysmorphology
(Fig. 3h) but no difference in the amount of TUNEL staining was
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dysmorphology was apparent (Fig. 3j), numerous apoptotic cells
were observed within the anterior and posterior necrotic zones as
well as in the interdigital spaces of controls (Fig. 3i), consistent
with normal development (Ganan et al., 1996; Garcia-Martinez
et al., 1993). In the Twist2 infected limb there was no apparent
increase in cell death throughout the infected tissue. In contrast,
there appeared to be a reduction in the number of apoptotic cells
within the interdigital space (Fig. 3j).
The AER-Fgfs are interconnected with a number of other
growth factor systems known to regulate normal limb outgrowth.
Given the abnormal outgrowth phenotypes and the reduction in
Fgf8 expression observed following Twist2 overexpression, we
examined additional key components of the Shh/Grem1/Fgf auto-
regulatory loop. Grem1 antagonizes Bmp signalling in the distal
limb mesenchyme and is required for maintenance of AER-Fgf
expression. Grem1 expression was reduced in the injected hin-
dlimb in 6/9 HH22 embryos (Fig. 4a). At HH25 9/12 embryos
exhibited reduced Grem1 expression but in no embryos was Grem1
expression abolished completely (Fig. 4b). Bmp4 is expressed in
both the AER and the anterior and posterior mesenchyme of the
limb bud. Expression of Bmp4 within the AER was reduced in the
injected hindlimb in 4/6 infected embryos at HH25 consistent
with the observed loss of AER organisation, but expression levels
were unaltered within the mesenchyme (Fig. 4c–f). As observed
with Fgf8, in a minority of cases the AER was fragmented with
small islands of Bmp4 expressing cells remaining.
The reduction in both Grem1 and Bmp4 expression raises the
question of the levels of residual Bmp signalling remaining inFig. 4. In situ hybridisation analysis of growth factor signalling in the hindlimbs of Twi
(B) post-infection. (C)–(F) Bmp4 expression 72 h after infection in (C) left and (D) ri
expression in the AER. (G) and (H) Msx2 expression in hindlimbs 48 h (G) and 72 h (H
mesenchymal expression of Msx2 which is reduced on the right. (I) Shh expression in th
hindlimbs 72 h post-infection. (K) Shh expression in the hindlimbs of Twist1 infected em
in hindlimbs 48 h after partial ablation of the AER indicating the persistence of Shh ex
expression levels (mean fold change relative to control þ/SD) between control (empt
infected in all panels; asterisk indicates posterior aspect of limb buds in all panels.Twist2 overexpressing limbs. Msx1 and 2 are targets of Bmp
signalling and their expression domains expand in the absence
of Grem1 in homozygous null mice (Benazet et al., 2009; Khokha
et al., 2003). We observed no signiﬁcant change in Msx1 expres-
sion in 6 embryos (data not shown). Similarly, there was no
detectable difference in Msx2 expression between left and right
limbs at HH22 but by HH24-25 (3 day post-infection) a modest
reduction in the mesenchymal domain was observed in 8/13
embryos and there was a loss of Msx2 expression in the AER of
6 of these embryos (Fig. 4g,h) which may be secondary to
disruption of the AER.
Collectively, these data suggest that Twist2 overexpression is
repressing the growth factor signalling network regulating early
limb outgrowth. The ﬁnal key component of the network is Shh. The
reduction in Fgf8 and Grem1 expression raises the expectation that
Shh would similarly be downregulated. However, although there
was some variation, the level of Shh expression showed no con-
sistent change in 18 HH22 Twist2 overexpressing embryos (Fig. 4i).
By HH25 there was no discernable change in Shh expression in 14/
14 infected embryos (Fig. 4k). Ptch1 is both a receptor for Shh and a
target gene for Shh signalling. There was no obvious change in Ptch1
expression after 2 days of Twist2 overexpression in 4/4 embryos
(Fig. 4j) suggesting that there was no overall change in Shh
signalling. Twist1 is known to regulate Shh expression within the
developing limb bud (O’Rourke et al., 2002) and there was a clear
reduction in Shh expression in 6/8 embryos infected with a Twist1
virus (Fig. 4k). We conﬁrmed the different abilities of Twist1 and
Twist2 to repress Shh in this context by quantitative PCR of Shh
transcript levels relative to control infected embryos (Fig. 4m). Tost2 infected embryos. (A) and (B) Grem1 expression in hindlimbs 48 h (A) and 72 h
ght forelimbs and (E) left and (F) right hindlimbs. Arrowheads indicate reduced
) post-infection. Arrowhead indicates reduced AER expression. Brackets indicate
e hindlimbs of Twist2 infected embryos 72 h post-infection. (J) Ptch1 expression in
bryos 72 h post-infection. (L) Analysis of Shh (black) and Fgf8 (orange) expression
pression. Arrow indicates residual Fgf8 expression. (M) Comparison of Shh mRNA
y virus), Twist1 and Twist2 infected limb buds 72 h after infection. Right limbs are
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in AER-Fgf signals required for maintenance of Shh expression we
performed AER ablation experiments on HH18 limbs. Complete
removal of the AER resulted in complete loss of Shh expression
(not shown) as previously reported (Laufer et al., 1994; Niswander
et al., 1994). However, when AER ablation was not complete,
residual levels of AER-Fgfs were sufﬁcient to support robust Shh
expression (Fig. 4l).
Grem1 is a transcriptional target of Twist2
The ability of Twist2 overexpression to inhibit Grem1 expres-
sion, along with the complementary mesenchymal expression
patterns of Twist2 and Grem1 within the limb mesenchyme
(Fig. 6a), suggests the possibility that the primary target for
Twist2 in the Shh/Grem1/Fgf autoregulatory loop may be Grem1.
To test this hypothesis we ﬁrst co-expressed Twist2 and Grem1 in
the limb bud. While approximately 55% of Twist2 infected
embryos exhibit limb dysmorphology, only 17% (4/24, Fig. 5a)
Twist2/Grem1 co-infected embryos exhibited a mild skeletal
dysmorphology that was only apparent in skeleton preparations,
while the remainder appeared morphologically normal. Further,
approximately 75% of Twist2 overexpressing embryos exhibit a
clearly observable reduction in AER Fgf8 while 0/5 Twist2/Grem1
coexpressing embryos show a reduction in AER-Fgf8 expression
(not shown), consistent with the lack of limb dysmorphology.
Twist2 has previously been demonstrated to act as a transcrip-
tional repressor (Gong and Li, 2002; Lee et al., 2003; Li et al.,
1995). We therefore investigated whether the repression of Grem1
by Twist2 involved a direct interaction with regulatory regions
controlling expression of the Grem1 gene, by performing chroma-
tin immunoprecipitation (ChIP) on E4.5 limb buds using an anti-
Twist antibody that is predicted to recognize both Twist1 and 2.
Using the UCSC genome browser we initially identiﬁed 8 conserved
non-coding elements associated with Grem1 in the chick genome
that represent potential regulatory elements. Each of these ele-
ments resides within a 20 kb region ﬂanking the Grem1 open
reading frame (Fig. 5b). Conserved non-coding elements are
associated with transcriptional regulatory domains and there are
many examples of such regulatory domains residing large dis-
tances both up and downstream of a gene’s transcriptional unitFig. 5. Twist2 regulates Grem1 expression directly. (A) Rescue of Twist2 phenotype by co
surrounded by at least 8 conserved non-coding elements (grey boxes). Black arrow ind
with the conserved non-coding element approximately 2.2 kb downstream of the Gre
parallel produced positive outcomes. The element approximately 2.2 kb downstream
numbered 1–3). Scale shown is approximate. (D) EMSA analysis of interaction of TW
ﬁbroblasts infected with Twist2 virus. Each of the E box sites indicated in B was teste
indicates Twist band.(Pike, 2011). In addition, conserved regulatory elements have been
identiﬁed within the Formin gene up to 70 kb downstream of the
Grem1 gene (Zuniga et al., 2004). Twist transcription factors bind
to a hexanucleotide sequence known as an E-box with a consensus
sequence CANNTG. We therefore examined these conserved ele-
ments for the presence of consensus E-box sites and identiﬁed an
additional 3 potential regulatory elements for ChIP analysis. Our
ChIP analysis demonstrated an interaction between Twist proteins
and one of these elements that resides approximately 2.2 kb
downstream of the Grem1 gene at chr5:29,839,922–29,840,485
(UCSC galGal4) (Fig. 5c). We tested the 10 other conserved
elements in parallel but none showed evidence of an interaction.
Interrogation of the sequence 2.2 kb downstream of Grem1 to
which Twist proteins bind revealed three consensus E-box binding
sites (Fig. 5b), strongly suggesting that one or more of these sites is
mediating the interaction. We designed oligonucleotide probes
spanning each of the three consensus E-box sites and performed
EMSA using nuclear extracts from RCAS-Twist2 infected chicken
ﬁbroblasts. This analysis demonstrated Twist/DNA complexes
formed with E-box probe1 (Fig. 5d) but no speciﬁc binding could
be demonstrated for probes 2 and 3 (not shown) suggesting that
Twist2 repression of Grem1 is likely mediated through a single
E-box site within this conserved element.Discussion
Our understanding of the factors regulating patterning and growth
of the vertebrate limb has steadily increased to the point where we
are able to begin to appreciate the true complexity of this system.
There has been a gradual realisation that regulation of limb pattern-
ing is regulated by a network of interdependent growth factors
(Butterﬁeld et al., 2010; Zeller et al., 2009). However, while these
insights are essential for understanding the mechanisms of morpho-
genesis, they also raise the issue of which intermediaries are control-
ling the expression of each of these essential growth factors. Twist2
overexpression in the limbs results in a distal truncation phenotype
similar to that observed following treatments such as ablation of the
AER. On the basis of these similar phenotypes we investigated
expression of a number of core growth factor components of the
Shh/Grem1/Fgf autoregulatory loop. Our in situ hybridisation analysis-expression of Grem1. (B) Genomic context of the Grem1 gene (black box) which is
icates the direction of Grem1 transcription. (C) ChIP analysis of TWIST interaction
m1 open reading frame (* in B). None of the other conserved elements tested in
of the Grem1 open reading frame harbours three consensus E boxes sites (B,
IST with consensus E box sites. Nuclear extracts were generated from chicken
d in a separate assay (probe 1–3) but only data for probe1 is shown. Arrowhead
C. Wade et al. / Developmental Biology 370 (2012) 145–153 151revealed a reduction in expression of multiple components of the
autoregulatory loop indicating that one or more of these factors may
be targets of Twist2, and that the truncation phenotype likely results
from premature termination of the outgrowth program. Endogenous
Twist2 and Grem1 exhibit dynamically changing and complementary
expression patterns within the superﬁcial limb mesenchyme (Bardot
et al., 2001; Scaal et al., 2001). We therefore reasoned that Grem1was
most likely to be the primary target of endogenous Twist2, a
contention that is supported by rescue of the Twist2 phenotype by
co-expression of Twist2 and Grem1. The demonstration of an interac-
tion of Twist proteins with a putative regulatory element immedi-
ately distal to the Grem1 gene further supports this hypothesis and
indicates a direct role for Twist proteins in regulating Grem1. Twist1
has previously been implicated in regulation of Shh and Fgf signalling
in the nascent limb bud (O’Rourke et al., 2002; Zhang et al., 2010), and
the demonstration of a Grem1 repressive function provides one
possible mechanism for these observations.
The Twist1 and 2 proteins exhibit a high level of sequence
conservation both between each other and between species. The
Helix–Loop–Helix (HLH) and transactivation domains, which
constitute the C-terminal half of each protein, exhibit near
identity while the N-terminal domain exhibits a degree of
divergence. The inclusion of a poly-glycine stretch within the
N-terminal domain that is unique to Twist1 suggests there would
be signiﬁcant structural differences between the two proteins.
Interestingly, while the high level of conservation in the HLH/
transactivation domains argues for similar function, the pheno-
type of Twist1 overexpressing embryos, while very similar to that
of Twist2 overexpressing embryos, was consistently more severe
such that viability was frequently compromised. This suggests
that while there is a strong possibility of functional redundancy
where the two proteins are normally co-expressed, there is some
divergence in function or in the afﬁnity of interactions with
dimerisation partners. The Twist1 null mouse has a severe
embryonic phenotype while the Twist2 null mouse appears to
be phenotypically normal. Given the likely functional redundancy
between the two proteins, these different responses to genetic
manipulation may be due to differences in expression since
Twist1 is ﬁrst expressed soon after gastrulation while Twist2 is
not expressed until E3 (HH18) in chick (E10.5 in mouse) during
organogenesis (Li et al., 1995; Scaal et al., 2001). However, the
functional differences we have observed raise the possibility that
the disparate phenotypes of Twist1 and 2 null mice may, at least
in part, be due to inherent differences in the proteins themselves.
Twist proteins function as dimers and form both homodimers
and heterodimers with a range of other HLH proteins such as
Hand2, E proteins, MyoD, ADD1 and Mef2 (Cai and Jabs, 2005;
Firulli et al., 2005; Gong and Li, 2002; Lee et al., 2003). We have
identiﬁed a Grem1 repressive function for Twist2 in the limb bud
in keeping with previous ﬁndings demonstrating that Twist2 acts
as a potent repressor of MyoD and ADD1 transcriptional activity
via a HLH domain-dependent interaction (Gong and Li, 2002; Lee
et al., 2003; Li et al., 1995). Despite widespread Twist2 over-
expression we never observed complete repression of Grem1
expression. Although we have no information regarding the
Twist2 dimer conﬁguration functioning during limb morphogen-
esis, the inability of overexpressed Twist2 to completely repress
Grem1 may indicate that the repressive function is not mediated
by Twist2 homodimers. In addition, the as yet unidentiﬁed Twist2
dimerisation partner may be expressed at levels within limb bud
mesenchyme that may be limiting the ability of overexpressed
Twist2 to repress Grem1 expression. Creation of an allelic series
for Twist1 in the mouse has demonstrated the exquisite sensitiv-
ity of limb morphogenesis to Twist1 levels and activity
(Krawchuk et al., 2010). This highlights the need for caution in
interpreting the outcomes of loss and gain of functionexperiments involving Twist family members and the need for
independent support of models arising from these experiments.
The presence of a Grem1 transcriptional repressor in the early
limb bud suggests that loss of the repressive activity would result
in an expansion of the Grem1 domain. While this information is
not available for the Twist2 null mouse, Twist1 null embryos
exhibit a shift in Grem1 expression into the anterior limb (Zuniga
et al., 2002). While this is consistent with a loss of Twist1
repression it is important to note that loss of Twist1 also results
in an anterior expansion of Shh expression. Since Shh expressing
cells cannot express Grem1 (Scherz et al., 2007) the alteration in
Grem1 expression domain likely results from mechanisms more
complex than simple loss of repression. However, we do not see a
change in Shh expression in response to Twist2 overexpression.
Thus, while the situation with Twist1 may require additional
investigation regarding repression, the ability of Grem1 to rescue
the Twist2 overexpression phenotype and the interaction with a
putative Grem1 repressive element indicates that Twist2 can
repress Grem1 expression independently of Shh. While there are
differences between the phenotypes of the Grem1 null mouse and
our Twist2 overexpression model, particularly in the impact on
the zeugopod, the two models both exhibit a strong distal limb
truncation (Fig. 2A–C Khokha et al., 2003) supporting a common
underlying mechanism. In this case the phenotypic similarities
may be more important than the differences since we never see a
complete loss of Grem1 and the limb phenotype is only seen in
homozygous null Grem1 mice.
Our analysis revealed a robust downregulation of Fgf8, Bmp4
and Grem1 following overexpression of Twist2, while Shh levels
remained high. This ﬁnding initially appeared to be at odds with
our current understanding of the Shh/Grem1/Fgf loop and the co-
dependence of each of these factors. However, we observed a
downregulation of Fgf8 but never saw complete loss of expres-
sion, even when the integrity of the AER was compromised. In
keeping with observations that an Fgf8 bead can replace the AER
in supporting Shh expression (Niswander et al., 1993), we suggest
that even isolated groups of Fgf8 expressing AER cells remaining
after ablation are sufﬁcient to sustain apparently normal levels of
Shh expression. Thus, even the substantial loss of Fgf8 expression
observed after Twist2 overexpression may not be sufﬁcient to
extinguish Shh expression. It is also interesting to note that as the
Fgf/Grem1/Shh loop terminates in chick, Fgf8 and Grem1 expres-
sion are lost much earlier than Shh, which does not turn off until
at least a full day after loss of Fgf/Grem1 (Riddle et al., 1993). This
suggests that despite the initial dependence of Shh on AER-Fgf
signalling, at later stages Shh expression can be maintained in the
absence of this signal, at least over a certain timeframe.
Previous examination of the role played by Twist1 in regulation
of the growth factor network controlling limb patterning and
outgrowth has implicated Fgf and Shh signalling as key targets
(O’Rourke et al., 2002; Zuniga et al., 2002). Our Twist2 data are
consistent with these observations but demonstrates that the loss
of AER-Fgf signalling following Twist2 overexpression is likely to
be mediated secondarily by a reduction in Bmp antagonism
through repression of Grem1. We observed a decrease in Msx2, a
known Bmp target gene. While the reduced expression of Msx2
appears to be at odds with reduced Bmp repression, the relation-
ship between Grem1 and Msx2 is complex and other factors may
also impact on Msx2 expression in this context (Khokha et al.,
2003). Interestingly, both loss of Twist1 and overexpression of
Twist2 result in a negative impact on Fgf8 expression. While these
observations may appear difﬁcult to reconcile, they are consistent
with the interdependent nature of factors within the autoregula-
tory loop. Twist1 null mice exhibit a reduction/loss of Shh expres-
sion (O’Rourke et al., 2002) thereby disrupting the autoregulatory
loop including Fgf8. Twist2 overexpression represses Grem1 which
Fig. 6. Summary of the role played by Twist2 in regulating termination of limb bud outgrowth. (A) Illustration of the complementary Twist2 and Grem1 expression patterns
within the developing limb bud. Grem1 is expressed only in the distal aspect of the limb bud while Twist2 resides in the proximal aspect of the limb bud. Twist 2 expression
does not begin until well after establishment of the Shh/Grem1/Fgf loop. Posterior is to the left in wholemounts, dorsal is to the left in sections. The arrow indicates the Fgf8
stained AER in the Twist2 stained section. Note the expression of Twist2 and Grem1 in complementary sub-epithelial domains. (B) Summary of signalling interactions that
collectively repress and restrict Grem1 expression during termination of limb bud outgrowth. (C) Summary of the spatial arrangement of signalling components within the
limb bud during termination of the Shh/Grem1/Fgf loop. Shh expressing cells (yellow) and their progenitors (pale yellow), which never express Grem1, expand in the
posterior limb bud such that Grem1 expressing cells become isolated from the source of Shh and cease Grem1 expression. Fgf (blue) levels in the AER increase and become
repressive for Grem1 expression. Twist2 expression expands in a proximal to distal direction restricting Grem1 expression to the prospective autopod. (For interpretation of
the references to color in this ﬁgure legend, the reader is reffered to the web version of this article.)
C. Wade et al. / Developmental Biology 370 (2012) 145–153152is required to maintain Fgf8 expression (Khokha et al., 2003;
Michos et al., 2004; Verheyden and Sun, 2008; Zuniga et al.,
1999). Since Shh, Fgf8 and Grem1 expression is linked, any impact
on the expression of one will also impact on the others. Thus,
while loss and gain of Twist are quantitatively opposite with
respect to Twist function, they both result in a reduction or
limitation of the autoregulatory loop components. This highlights
a key feature of the Shh/Grem1/Fgf loop; the ability to adjust the
level of one component in response to changing levels of any other
component. This provides a buffering capacity that ensures correct
limb outgrowth and patterning. We do not exclude the possibility
that additional transcriptional targets other than Grem1 are
involved in the Twist2 regulation of limb morphogenesis but
rather suggest that this is quite likely to be the case. However,
the observation of phenotypic rescue following co-expression of
Twist2 and Grem1 is suggestive that Grem1 is a major target in this
system. Consistent with this, Grem1 and Twist2 exist in dynami-
cally changing and complementary expression domains that may
reﬂect just such an antagonistic relationship (Fig. 6a) (Bardot et al.,
2001; Scaal et al., 2001). Widespread Grem1 expression in the
chick is initiated soon after limb bud outgrowth begins but
becomes progressively restricted to a distal crescent shaped
domain. Twist2 is weakly expressed throughout the early limb
bud but is excluded from the distal limb bud as outgrowth
progresses, thereby establishing a complementary expression
pattern to that of Grem1 (Fig. 6a).
The inhibitory role of AER-Fgfs on Grem1 expression and the
restriction of Shh expressing cells and their descendants from
expressing Grem1, are both known to play a role in disruption of
the Shh/Grem1/Fgf loop and the subsequent termination of limb
bud outgrowth (Scherz et al., 2004; Verheyden and Sun, 2008).
Taken together, our data indicates that Twist2 normally functions
to restrict Grem1 expression and together with Fgf and Shh signals
serves to form the characteristic Grem1 distal limb bud domain
essential for normal limb morphogenesis (Fig. 6b,c). This suggests
that Twist2 functions along with Shh and rising AER-Fgf levels torestrict expression of Grem1 and eventually terminate the Shh/
Grem1/Fgf loop and as such acts as a component of the mechan-
ism limiting limb outgrowth. The relatively late onset of expres-
sion indicates that Twist2 does not play a role in the
establishment of the autoregulatory loop or initial outgrowth of
the limb and can therefore only function in the termination the
initial outgrowth phase. We propose a model in which Twist2
resides outside of the core growth factor loop but impacts directly
on expression of one of the key components to restrict limb
outgrowth. Unlike the Shh/Grem1/Fgf loop, Twist2 repression of
Grem1 is not dependent on the precise spatial arrangement of
AER, ZPA and the responding limb mesenchyme. Parallel but
mechanistically distinct regulatory mechanisms such as this
may provide a level of buffering against the minor variations in
limb bud size and shape inherent in normal development that
must be overcome to produce the amazingly robust outcomes of
early morphogenesis apparent at birth.Acknowledgements
PGF is supported by grants from the Australian Research
Council and NHMRC Australia. CWicking is supported by grants
from the NHMRC and is an NHMRC Senior Research Fellow. The
MCRI was supported by the Victorian Government’s Operational
Infrastructure Support Program.
References
Bardot, B., Lecoin, L., Huillard, E., Calothy, G., Marx, M., 2001. Expression pattern of
the drm/gremlin gene during chicken embryonic development. MOD 101,
263–265.
Baylies, M.K., Bate, M., 1996. Twist: a myogenic switch in Drosophila. Science 272
(4), 1481.
Benazet, J.-D., Bischofberger, M., Tiecke, E., Goncalves, A., Martin, J.F., Zuniga, A.,
Naef, F., Zeller, R., 2009. A self-regulatory system of interlinked signaling
feedback loops controls mouse limb patterning. Science 323, 1050–1053.
C. Wade et al. / Developmental Biology 370 (2012) 145–153 153Butterﬁeld, N.C., McGlinn, E., Wicking, C., 2010. The molecular regulation of
vertebrate limb patterning. In: Peter, K. (Ed.), Current Topics in Developmental
Biology, 90. Academic Press, pp. 319–341.
Cai, J., Jabs, E.W., 2005. A twisted hand: bHLH protein phosphorylation and
dimerization regulate limb development. Bioessays 27, 1102–1106.
Chen, Z.F., Behringer, R.R., 1995. Twist is required in head mesenchyme for cranial
neural tube morphogenesis. Genes Dev. 9, 686–699.
Cohn, M.J., Izpisu´a-Belmonte, J.C., Abud, H., Heath, J.K., Tickle, C., 1995. Fibroblast
growth factors induce additional limb development from the ﬂank of chick
embryos. Cell 80, 739–746.
Firulli, B.A., Krawchuk, D., Centonze, V.E., Vargesson, N., Virshup, D.M., Conway,
S.J., Cserjesi, P., Laufer, E., Firulli, A.B., 2005. Altered Twist1 and Hand2
dimerization is associated with Saethre–Chotzen syndrome and limb abnorm-
alities. Nat. Genet. 37, 373–381.
Fowles, L.F., Bennetts, J.S., Berkman, J.L., Williams, E., Koopman, P., Teasdale, R.D.,
Wicking, C., 2003. Genomic screen for genes involved in mammalian cranio-
facial development. Genesis J. Genet. Dev. 35, 73–87.
Ganan, Y., Macias, D., Duterque-Coquillaud, M., Ros, M.A., Hurle, J.M., 1996. Role of
TGF beta s and BMPs as signals controlling the position of the digits and the
areas of interdigital cell death in the developing chick limb autopod. Devel-
opment 122, 2349–2357.
Garcia-Martinez, V., Macias, D., Ganan, Y., Garcia-Lobo, J.M., Francia, M.V.,
Fernandez-Teran, M.A., Hurle, J.M., 1993. Internucleosomal DNA fragmenta-
tion and programmed cell death (apoptosis) in the interdigital tissue of the
embryonic chick leg bud. J. Cell Sci. 106, 201–208.
Gong, X.Q., Li, L., 2002. Dermo-1, a multifunctional basic Helix–Loop–Helix
protein, represses MyoD transactivation via the HLH domain, MEF2 interac-
tion, and chromatin deacetylation. J. Biol. Chem. 277, 12310–12317.
Gordon, C., Rodda, F., Farlie, P., 2009. The RCAS retroviral expression system in the
study of skeletal development. Dev. Dyn. 238, 797–811.
Kang, Y., Massague´, J., 2004. Epithelial–mesenchymal transitions: twist in devel-
opment and metastasis. Cell 118, 277–279.
Khokha, M.K., Hsu, D., Brunet, L.J., Dionne, M.S., Harland, R.M., 2003. Gremlin is the
BMP antagonist required for maintenance of Shh and Fgf signals during limb
patterning. Nat. Genet. 34, 303–307.
Krawchuk, D., Weiner, S.J., Chen, Y.-T., Lu, B.C., Costantini, F., Behringer, R.R.,
Laufer, E., 2010. Twist1 activity thresholds deﬁne multiple functions in limb
development. Dev. Biol. 347, 133–146.
Laufer, E., Nelson, C.E., Johnson, R.L., Morgan, B.A., Tabin, C., 1994. Sonic hedgehog
and Fgf-4 act through a signaling cascade and feedback loop to integrate
growth and patterning of the developing limb bud. Cell 79, 993–1003.
Lee, T.K., Poon, R.T.P., Yuen, A.P., Ling, M.T., Kwok, W.K., Wang, X.H., Wong, Y.C.,
Guan, X.Y., Man, K., Chau, K.L., Fan, S.T., 2006. Twist overexpression correlates
with hepatocellular carcinoma metastasis through induction of Epithelial–
Mesenchymal transition. Clin. Cancer Res. 12, 5369–5376.
Lee, Y.S., Lee, H.H., Park, J., Yoo, E.J., Glackin, C.A., Choi, Y.I., Jeon, S.H., Seong, R.H.,
Park, S.D., Kim, J.B., 2003. Twist2, a novel ADD1/SREBP1c interacting protein,
represses the transcriptional activity of ADD1/SREBP1c. Nucleic Acids Res.. 31,
7165–7174.
Li, L., Cserjesi, P., Olson, E.N., 1995. Dermo-1: A Novel Twist-related bHLH protein
expressed in the developing dermis. Dev. Biol. 172, 280–292.
Loomis, C.A., Harris, E., Michaud, J., Wurst, W., Hanks, M., Joyner, A.L., 1996. The
mouse Engrailed-1 gene and ventral limb patterning. Nature 382, 360–363.
Lu, P., Yu, Y., Perdue, Y., Werb, Z., 2008. The apical ectodermal ridge is a timer for
generating distal limb progenitors. Development 135, 1395–1405.
Mariani, F.V., Ahn, C.P., Martin, G.R., 2008. Genetic evidence that FGFs have an
instructive role in limb proximal–distal patterning. Nature 453, 401–405.
Michos, O., Panman, L., Vintersten, K., Beier, K., Zeller, R., Zuniga, A., 2004. Gremlin-
mediated BMP antagonism induces the epithelial–mesenchymal feedback
signaling controlling metanephric kidney and limb organogenesis. Develop-
ment 131, 3401–3410.
Niswander, L., Jeffrey, S., Martin, G.R., Tickle, C., 1994. A positive feedback loop
coordinates growth and patterning in the vertebrate limb. Nature 371,
609–612.
Niswander, L., Tickle, C., Vogel, A., Booth, I., Martin, G.R., 1993. FGF-4 replaces the
apical ectodermal ridge and directs outgrowth and patterning of the limb. Cell
75, 579–587.
O’Rourke, M.P., Soo, K., Behringer, R.R., Hui, C.C., Tam, P.P., 2002. Twist plays an
essential role in FGF and SHH signal transduction during mouse limb
development. Dev. Biol. 248, 143–156.
Ohuchi, H., Nakagawa, T., Yamamoto, A., Araga, A., Ohata, T., Ishimaru, Y., Yoshioka, H.,
Kuwana, T., Nohno, T., Yamasaki, M., Itoh, N., Noji, S., 1997. The mesenchymalfactor, FGF10, initiates and maintains the outgrowth of the chick limb bud
through interaction with FGF8, an apical ectodermal factor. Development 124,
2235–2244.
Oshima, A., Tanabe, H., Yan, T., Lowe, G.N., Glackin, C.A., Kudo, A., 2002. A novel
mechanism for the regulation of osteoblast differentiation: transcription of
periostin, a member of the fasciclin I family, is regulated by the bHLH
transcription factor, twist. J. Cell. Biochem. 86, 792–804.
Parr, B.A., McMahon, A.P., 1995. Dorsalizing signal Wnt-7a required for normal
polarity of D–V and A–P axes of mouse limb. Nature 374, 350–353.
Pfafﬂ, M.W., 2001. A new mathematical model for relative quantiﬁcation in real-
time RT-PCR. Nucleic Acids Res. 29, e45.
Pike, J.W., 2011. Genome-scale techniques highlight the epigenome and redeﬁne
fundamental principles of gene regulation. J. Bone Miner. Res. 26, 1155–1162.
Riddle, R.D., Ensini, M., Nelson, C., Tsuchida, T., Jessell, T.M., Tabin, C., 1995.
Induction of the LIM homeobox gene Lmx1 by WNT6a establishes dorsoven-
tral pattern in the vertebrate limb. Cell 83, 631–640.
Riddle, R.D., Johnson, R.L., Laufer, E., Tabin, C., 1993. Sonic hedgehog mediates the
polarizing activity of the ZPA. Cell 75, 1401–1416.
Scaal, M., Fu¨chtbauer, E.-M., Brand-Saberi, B., 2001. cDermo-1 expression indicates
a role in avian skin development. Anat. Embryol. 203, 1–7.
Scherz, P.J., Harfe, B.D., McMahon, A.P., Tabin, C.J., 2004. The limb bud Shh-Fgf
feedback loop is terminated by expansion of former ZPA cells. Science 305,
396–399.
Scherz, P.J., McGlinn, E., Nissim, S., Tabin, C.J., 2007. Extended exposure to Sonic
hedgehog is required for patterning the posterior digits of the vertebrate limb.
Dev. Biol. 308, 343–354.
Soo, K., O’Rourke, M.P., Khoo, P.L., Steiner, K.A., Wong, N., Behringer, R.R., Tam, P.P.,
2002. Twist function is required for the morphogenesis of the cephalic neural
tube and the differentiation of the cranial neural crest cells in the mouse
embryo. Dev. Biol. 247, 251–270.
Sosic, D., Richardson, J.A., Yu, K., Ornitz, D.M., Olson, E.N., 2003. Twist regulates
cytokine gene expression through a negative feedback loop that represses NF-
kappaB activity. Cell 112, 169–180.
Summerbell, D., 1974. A quantitative analysis of the effect of excision of the AER
from the chick limb-bud. J. Embryol. Exp. Morphol. 32, 651–660.
Tavares, A.T., Izpisuja-Belmonte, J.C., Rodriguez-Leon, J., 2001. Developmental
expression of chick twist and its regulation during limb patterning. Int.
J. Dev. Biol. 45, 707–713.
Turner, F.B., Cheung, W.L., Cheung, P., 2006. Chromatin immunoprecipitation assay
for mammalian tissues. In: Pells, S. (Ed.), Nuclear Reprogramming, 325.
Humana Press, pp. 261–272.
Verheyden, J.M., Sun, X., 2008. An Fgf/Gremlin inhibitory feedback loop triggers
termination of limb bud outgrowth. Nature 454, 638–641.
Vogel, A., Rodriguez, C., Warnken, W., Belmonte, J.C.I., 1995. Dorsal cell fate
speciﬁed by chick Lmxl during vertebrate limb development. Nature 378,
716–720.
Wadman, I.A., Osada, H., Grutz, G.G., Agulnick, A.D., Westphal, H., Forster, A.,
Rabbitts, T.H., 1997. The LIM-only protein Lmo2 is a bridging molecule
assembling an erythroid, DNA-binding complex which includes the TAL1,
E47, GATA-1 and Ldb1/NLI proteins. EMBO J. 16, 3145–3157.
Yang, Y., Niswander, L., 1995. Interaction between the signaling molecules WNT7a
and SHH during vertebrate limb development: dorsal signals regulate ante-
roposterior patterning. Cell 80, 939–947.
Zeller, R., Lopez-Rios, J., Zuniga, A., 2009. Vertebrate limb bud development:
moving towards integrative analysis of organogenesis. Nat. Rev. Genet. 10,
845–858.
Zhang, Z., Sui, P., Dong, A., Hassell, J., Cserjesi, P., Chen, Y.-T., Behringer, R.R., Sun,
X., 2010. Preaxial polydactyly: interactions among ETV, TWIST1 and HAND2
control anterior–posterior patterning of the limb. Development 137,
3417–3426.
Zuniga, A., Haramis, A.-P.G., McMahon, A.P., Zeller, R., 1999. Signal relay by BMP
antagonism controls the SHH/FGF4 feedback loop in vertebrate limb buds.
Nature 401, 598–602.
Zuniga, A., Michos, O., Spitz, F., Haramis, A.-P.G., Panman, L., Galli, A., Vintersten, K.,
Klasen, C., Mansﬁeld, W., Kuc, S., Duboule, D., Dono, R., Zeller, R., 2004. Mouse
limb deformity mutations disrupt a global control region within the large
regulatory landscape required for Gremlin expression. Genes Dev. 18, 1553–1564.
Zuniga, A., Quillet, R., Perrin-Schmitt, F., Zeller, R., 2002. Mouse Twist is required
for ﬁbroblast growth factor-mediated epithelial–mesenchymal signalling and
cell survival during limb morphogenesis. MOD 114, 51–59.
